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We investigated the phloem loading pathway in barley, by determining plasmodesmatal frequencies at the 
electron microscope level for both intermediate and small blade bundles of mature barley leaves. Lucifer 
yellow was injected intercellularly into bundle sheath, vascular parenchyma, and thin-walled sieve tubes. 
Passage of this symplastically transported dye was monitored with an epifluorescence microscope under 
blue light. Low plasmodesmatal frequencies endarch to the bundle sheath cells are relatively low for most 
interfaces terminating at the thin- and thick-walled sieve tubes within this C3 species. Lack of connections 
between vascular parenchyma and sieve tubes, and low frequencies (0.5% plasmodesmata per µm cell wall 
interface) of connections between vascular parenchyma and companion cells, as well as the very low 
frequency of pore-plasmodesmatal connections between companion cells and sieve tubes in small bundles 
(0.2% plasmodesmata per µm cell wall interface), suggest that the companion cell-sieve tube complex is 
symplastically isolated from other vascular parenchyma cells in small bundles. 
The degree of cellular connectivity and the potential isolation of the companion cell-sieve tube complex 
was determined electrophysiologically, using an electrometer coupled to microcapillary electrodes. The less 
negative cell potential {average -52 mV) from mesophyll to the vascular parenchyma cells contrasted 
sharply with the more negative potential (-122.5 mV) recorded for the companion cell-thin-walled 
sieve tube complex. Although intercellular injection of lucifer yellow clearly demonstrated rapid (0.75 µm 
s-1) longitudinal and radial transport in the bundle sheath-vascular parenchyma complex, as well as from the 
bundle sheath through transverse veins to adjacent longitudinal veins, we were neither able to detect nor 
present unequivocal evidence in support of the symplastic connectivity of the sieve tubes to the vascular 
parenchyma. Injection of the companion cell-sieve tube complex, did not demonstrate backward 
connectivity to the bundle sheath. 
We conclude that the low plasmodesmatal frequencies, coupled with a two-domain electropotential 
zonation configuration, and the negative transport experiments using lucifer yellow, precludes symplastic 
phloem loading in barley leaves. 
 
 
Introduction 
    The uptake of sugars into the sieve tubes of higher plants continues to receive a great deal of 
attention and the accumulated data suggest that there are two principal modes of phloem loading 
(van Bel et al. 1996). First, that sugar loading may follow an entirely symplastic pathway, via 
plasmodesmata, from the mesophyll to the sieve tubes. Second, that loading involves an 
apoplastic step, usually situated within the vascular parenchyma, which may result in the 
symplastic isolation of the sieve element-companion cell complex. 
    Information on the distribution and frequency of plasmodesmata between the various cell types 
of the leaf is essential to an understanding of both the potential pathway or pathways followed by 
photoassimilates from the mesophyll cells to the sieve tubes of the vascular bundles. 
    This must ultimately have an impact upon our understanding of the mechanism of phloem 
loading (Botha 1992, Botha and van Bel 1992). Although the methods involved in the 
accumulation of distribution and frequency data remain useful, more information is required. 
Abundant plasmodesmata at pertinent cell interfaces along the pathway is generally interpreted as 
favouring symplastic transport and possible symplastic loading, whereas a paucity of 
plasmodesmata anywhere along this pathway may be regarded as favouring an apoplastic 
phase at such sites (van Bel et al. 1988). However, the presence of plasmodesmata at a particular 
interface between cells is not commensurate with evidence of a continuous cytoplasmic domain 
between concomitant cells. Neither can plasmodesmatal abundance be claimed to demonstrate 
that transport is, or should be, symplastic. 
    Several studies indicate that the different orders of bundle in the blades of both C3 and C4 
grasses have largely different functions (Lush 1976, Altus and Canny 1982, Evert and Mierzwa 
1989, Fritz et al. 1989, Evert et al. 1996). Typically, the small and intermediate bundles have 
been implicated in the assimilate loading process with the large bundles being primarily involved 
in longitudinal transport (Evert et al. 1996). 
    Farrar et al. (1992) suggested that barley was a potential symplastic phloem loader. However, 
there is a growing body of evidence that suggests that like most other grasses studied to date 
(Botha and van Bel 1992, and references cited therein) barley may be an apoplastic phloem loader 
(see also Evert and Russin 1993, Evert et al. 1996). 
    Given the apparent contradiction, we decided to combine a plasmodesmataJ frequency study 
with dye-coupling and reverse-current microiontophoresis injection studies of the symplastically-
transported dye, lucifer yellow, to determine the phloem loading pathway in barley. A 
concomitant study was made of the leaf blade vascular bundle anatomy, plasmodesmatal 
frequency and the pathway of phloem loading. 
    The principal objectives of the present study on barley were: First, to evaluate the reliability of 
plasmodesmatal frequency as a predictor of the phloem loading pathway in leaves of barley. 
Second, to determine if the disjunctions (equated to low plasmodesmatal frequencies, as revealed 
by the plasmodesmograms) translated into functional disjunctions which would force an 
apoplastic phloem loading step in barley. Altenatively, to determine if phloem loading in barley 
was entirely symplastic. 
    In the present study we report our findings of the relationship between plasmodesmatal 
frequency, membrane potential and our observations of the specificity of the 
symplastically-transported, microiontophoretically-injected lucifer yellow dye. 
 
Materials and methods 
Plant material 
    Seeds of Hordeum vulgare L. cv. Dyan were obtained from SASKO (Malmesbury, Cape 
Province, South Africa) and sown in large trays containing a 50% mixture of potting soil and 
vermiculite. Plants were grown for 21 days prior to harvesting for electron microscopy or for 
use in electrophysiological or iontophoretic experiments. They were watered every two days with 
rainwater supplemented with a nutrient concentrate as described elsewhere by Mjwara et al. 
(1996). 
 
Electrophysiological and microinjection procedure 
    Mature plants were transported to the laboratory where leaves (excluding the first-formed) 
were severed and segments (approximately 5 cm in length) were placed in cold (6°C) MES buffer 
(10 mM NaOH-MES, pH 7.2) supplemented with KCl, MgCl2 and CaCl2 (all 0.5 mM) in 125 mM 
mannitol. Leaf strips (ca 5-6 cm) were gently scraped with a single-edged blade to remove parts 
of the abaxial epidermis and cuticle. The midvein was removed in some experiments as well. All 
operations were carried out in cold MES buffer These leaf strips were allowed to recover in 
buffer for a minimum of 30 min, prior to being used for electrophysiological and/or 
microiontophoretic experimentation. Treated leaf strips were examined under blue light in a 
Perspex slide well, under MES buffer, using an Olympus BHWI erect-image UV microscope 
with a fixed stage and fitted with ultra-long working distance objectives. 
    All electrophysiological measurements were made using a WPI Duo 773 electrometer (World 
Precision Instruments, Inc., Sarasota, FL, USA) fitted with high impedance, active probes. Inner-
filamented glass microelectrodes were made using 1-mm-diameter pipettes (WPI Kwik-Fil K100-
F3), which were pulled with a Narishige PB-7 Pipette Puller (Narishige Co. Ltd, Tokyo, 
Japan). Tips were routinely between 0.5 and 1 µm in diameter. Microelectrodes were back-filled 
with a lucifer yellow (5%, w/v, in 3 M LiCI) solution, and the shank of the microelectrode filled 
with 3 M LiCl. The microelectrodes were screwed into KCl half-cells filled with 3 M LiCl, and to 
a WPI high impedance probe, which in turn were connected to a WPI PM-10 Piezo controller 
unit, attached to a WPI DC-3 motorised micromanipulator. The cell potentials and viability of 
impaled cells was monitored using the Duo 773 electrometer. Cell potentials of the impaled cells 
were monitored in the dark, by inserting a shutter in the light path to prevent UV exposure 
and damage. Once membrane potentials had stabilised (at least -40 mV as prescribed by Farrar et 
al 1992 and van Bel et al. 1996). impaled cells were reverse-iontophoresed using pulsed current  
(-2 to -30 nA. for 5 to 60 s) in order to inject the dye. Impaled, injected cells were photographed 
using an Olympus AD PM-10 camera system (Fujichrome Sensia 400 ASA slide, or Super HVG 
200 ASA print film) or the data were recorded using a Panasonic CL-WV 350 video camera, 
connected to a Panasonic NV-SD3 video recorder. Selected images were captured and saved on 
disk on a 486 personal computer, fitted with a digital image recording and capture system. All 
equipment used was supplied by Wirsam Scientific (Port Elizabeth, South Africa). 
 
Electron microscopy 
    Strips cut from fully-expanded third and fourth leaves were fixed in cold 6% glutaraldehyde in 
0.05 M sodium cacodylate buffer, pH 7.2, for 6 h under low vacuum, and subsequently postfixed 
in 2% (w/v) osmium tetroxide in 0.05 M cacodylate buffer overnight in a refrigerator. 
    The tissue was dehydrated in a cold, graded ethanol series, followed by two (30-min) changes 
of propylene oxide, and infiltrated and embedded in Spurr's epoxy resin (Spurr 1969). Thin 
sections were cut with a diamond knife on an LKB (Bromma, Sweden) Ultrotome III and 
collected on 2(K)-mesh copper grids. Sections were stained in uranyl acetate, followed by lead 
citrate and viewed in either a JEOL 100-CX or JEOL JEM 1210 transmission electron 
microscope (JEOL Tokyo, Japan) at 80 or 100 kV. 
 
Plasmodesmatal frequencies 
    Information for the distribution of plasmodesmata was obtained from 20 randomly selected 
sections cut from blocks, from three unrelated leaves. The data were recorded directly on 
photocopies of montages taken at 1900x magnification and enlarged 3.3-fold, which showed all 
pertinent interfaces of the vascular bundles. Plasmodesmata were scored as present only if they 
extended more than halfway across the cell wall interface (see Botha and Evert 1988 for further 
discussion). A GT 1212-B graphics table (Genitizer Co. Taipei, Taiwan) was used in conjunction 
with Sigma-Scan (Jandell Scientific. Corte Madera, C.A. USA) to measure the total length of 
pertinent interfaces between contiguous cells, from electron micrographs of the relevant vascular 
bundles taken at 3000x magnification. 
    We used plasmodesmata per µm vein to calculate frequency, as this two-dimensional measure 
of distribution suits data accumulated from a randomised rather than a serialised data sequence. 
Plasmodesmograms were constructed for intermediate and small leaf blade bundles. The 
distribution and frequency were expressed as a percentage of the total number of plasmodesmata 
counted, per µm of common cell wall interface, but excluding mesophyll-to-bundle sheath 
contact. 
 
Results 
Anatomy of the leaf blade 
    The anatomy of the barley leaf is typical of Pooid grasses, consisting of a system of 
longitudinal vascular strands interconnected by numerous transverse veins and widely separated 
by loosely arranged mesophyll (Dannenhoffer et al. 1990). All longitudinal strands are 
surrounded entirely or partly by two bundle sheaths, an outer parenchymatous and an inner 
mestome sheath (Evert et al. 1996). 
    Three types of vascular strands are recognised in transverse section, i.e.. large, intermediate 
and small. In barley, most strands intergrade from one bundle type into another as they descend 
the leaf, beginning with small bundle anatomy at their distal ends (Dannenhoffer et al. 1990, 
1994). .As in other grasses, large and intermediate bundles in the barley leaf are associated with 
girders or strands of hypodermal sclerenchyma (Botha et al. 1982, Dannenhoffer et al. 1990). 
 
Cellular composition of vascular bundles 
    As our interest in this paper focuses strictly on the loading bundles attention will be given to 
the intermediate and small bundle anatomy only. 
. 
Fig. I. Transection of a mature intermediate leaf blade bundle. 
Both thick (filled circle) and thin-walled (open circles) sieve 
tubes are present. Bundle sheath (B.S) surrounds a mestome 
sheath (MS) which is entire in this bundle. Vascular parenchyma 
(VP) includes companion cells (CC). Bar = 10 µm. 
 
 
Intermediate bundles 
    Within the blade, intermediate bundles are associated with hypodermal sclerenchyma strands 
that are often reduced and are not always in contact with the vascular bundle. Unlike large 
bundles, intermediate bundles lack protoxylem and large metaxylem vessels, protophloem sieve 
tubes may be present, but in mature bundles these are mostly collapsed or obliterated. Like all 
other grasses examined to date, the functional metaphloem consists of early (thin-walled) 
metaphloem sieve tube-companion cell complexes and late (thick-walled) metaphloem sieve 
tubes. The spatial distribution and separation of thin- and thick-wailed sieve tubes (open and 
filled circles respectively. Fig. 1) as well as the lack of recognisable companion cells associated 
with the thick-walled sieve tubes, is evident in this intermediate vascular bundle. Most 
intermediate bundles lack xylem parenchyma. Vascular parenchyma occupies most of the 
interface between the sieve tube-companion cell complexes and the mestome sheath, and 
commonly separates the sieve tube-companion cell complexes from the thick-walled sieve tubes 
(Fig. 1). Portions of the mestome sheath may be disrupted on the xylem side of the bundle, as 
may be portions of the parenchymatous sheath on the phloem side. 
 
Small bundles 
   Small bundles are similar in structure to intermediate bundles and have often been classified as 
such merely by the absence of spatial association with hypodermal sclerenchyma (Botha et al. 
1982, Dannenhoffer et al. 1990). Although most small bundles consist entirely of metaxylem and 
metaphloem, the largest may also have protophloem (Evert et al. 1996). Like the intermediate 
bundles, most small bundles contain both thin-walled sieve tube-companion cell complexes and 
thick-walled sieve tubes (open and filled circles, respectively, Fig. 2). The smallest bundles may, 
on occasion, lack thick-walled sieve tubes (Evert et al. 1996). The number of vascular 
parenchyma cells (VP, Fig. 2) is reduced with respect to the intermediate bundles. The sieve 
tube-companion cell complexes of small bundles may thus border mestome sheath cells and 
thick-walled sieve tubes more frequently than do their counterparts in intermediate and large 
bundles. Figure 2 shows that the thin and thick-walled sieve tubes in this particular bundle are 
spatially separated by a vascular parenchyma cell. 
 
Plasmodesmatal frequency 
    The principal results are illustrated diagrammatically as plasmodesmograms in Figs 3 and 4. 
Both vein orders exhibit a fairly rapid reduction in plasmodesmatal frequency from the bundle 
sheath (BS, Figs 3-4) towards the phloem tissue. High potential radial connectivity is suggested 
between bundle sheath cells, as the bundle sheath cells accounted for 29.5 and 24.5%, 
respectively, of the plasmodesmata. Moving inwards, bundle sheath to mestome sheath 
connectivity (BS to MS; 21.7 and 23.3%, respectively, for intermediate and small vascular 
bundles) and radial connectivity between mestome sheath cells (23.0 and 12%, respectively, 
for intermediate and small vascular bundles) is evidence of potentially good cell-to-cell 
connectivity at these interfaces. Internally, the plasmodesmatal frequencies between parenchyma 
cells (VP) suggest high connectivity with 35 and 29.8% plasmodesmata per µm cell wall 
interface, respectively. However, the phloem-related connections (vascular parenchyma to 
companion cell; vascular parenchyma to thin- and thick-walled sieve tube) show a precipitous 
decline in overall frequency. For example, the vascular parenchyma to companion cell interfaces 
contained only 1.02 and 0.5%, respectively, of the plasmodesmata for intermediate and small 
vascular bundles, respectively. Even though companion cells and vascular parenchyma cells are 
interconnected (1.02 and 0.5% plasmodesmata per µm cell wall interface, respectively; Figs 3 and 
4), no connections were recorded between vascular parenchyma cells and thin-walled sieve tubes 
in this study. Likewise, thick-walled sieve tubes show very low connectivity (0.7 and 0.24%, 
respectively, for intermediate and small bundles) with vascular parenchyma. 
 
 
 
 
Fig. 2. Transection of a mature, small leaf blade vascular bundle. 
A thick-walled sieve tube (filled circle) occurs adjacent to 
the metaxylem (MX). Note the mestome sheath (MS) is interrupted 
opposite the metaxylem and also abaxially. Other abbreviations 
as in Fig. 1. Bar = 10 µm. 
 
 
 
Microiontophoresis, dye coupling and membrane potentials 
    Consistent with the observations made by Farrar et al. (1992) we observed rapid long-distance 
movement of lucifer yellow from bundle sheath cells in barley (Fig. 5) and could observe the dye 
in the cells internal to the bundle sheath (i.e., within or associated with mestome sheath and 
parenchymatous cells, including the phloem). In many of the cell injection experiments, 
movement was still evident up to 20 min after the injections (Figs 7 and 8) by which time the dye 
front had moved approximately 900 µm (at approximately 0.75 (µm s-1) from the injection point. 
Injection of vascular parenchyma cells (Fig. 9) also resulted in a rapidly-moving dye front, 
which spread internally and longitudinally about 650 µm from the point of injection in 15 min, 
that is, at a rate of approximately 0.7 µm s-1. Where thin-walled sieve tubes were identified and 
successfully impaled (Fig. 10), injection of the dye resulted in little lateral exarch diffusion 
from sieve tubes in intermediate or small longitudinal veins and little, if any, evidence for its 
diffusion outwards to the parenchymatous cells surrounding the sieve tube was found. 
The results of the membrane potential studies (Tab. 1) illustrate the increasingly negative 
potential recorded for mesophyll (-42 mV) to vascular parenchyma (-70 mV) and then the jump 
to an average of -122.5 mV within the sieve tube-companion cell complex. 
 
 
 
 
 
 
Figs 3 and 4. Distribution of plasmodesmata in intermediate (Fig. 3) and small (Fig. 4) bundles. These 
plasmodesmograms clearly reflect the disjunction at the vascular parenchyma (VP) - sieve tube (open 
circles) interfaces, as well as the low frequencies along the vascular parenchyma - companion cell - sieve 
tube interfaces. Filled circles indicate thick-walled (late) and open circles, thin-walled (early) metaphloem. 
XP, xylem parenchyma. Other abbreviations as in Fig. 1. 
 
 
Discussion 
Plasmodesmatal frequencies 
    Even though the validity of plasmodesmograms may be arguable (van Bel and Oparka 1995), 
there is good evidence to support their use as visual two-dimensional aids which clarify the 
distribution pattern of plasmodesmata in higher plants (see Botha and van Bel 1992 and 
references cited therein). Expressing plasmodesmatal frequency only as a percentage of the total 
has drawbacks (Fisher 1990). Expressing frequency as either plasmodesmata per µm cell wall 
interface, or as plasmodesmata per µm vein, allows direct comparison between species. 
The plasmodesmograms (Figs 3-4) illustrate high levels of radial connectivity between the bundle 
sheath and mestome sheath cells. However, a very sharp decline in plasmodesmatal frequency 
occurs along the vascular parenchyma to companion cell to sieve tube pathway. In contrast to Zea 
mays (Evert et al. 1977), where the thick-walled sieve tubes are symplastically isolated, those in 
barley are not isolated from the surrounding vascular parenchyma. Even though the 
plasmodesmatal frequencies between these cells and surrounding vascular parenchyma is low (0.7 
and 0.24% plasmodesmata per µm cell wall interface, respectively, for intermediate and small 
bundles), their presence suggests the potential for (some) symplastic continuity along the loading 
route from the bundle sheath via the mestome sheath to vascular parenchyma to thick-walled 
sieve tube phloem (loading route). Similar results were reported by Evert et al. (1996), with 0.7% 
of plasmodesmata in H. vulgare cv. Morex, terminating at the thick-walled sieve tube-vascular 
parenchyma interface. The data for cv. Dyan thus parallel those of cv. Morex. 
    The lack of plasmodesmata between vascular parenchyma cells and thin-walled sieve tubes 
leads us to promote the idea that phloem loading in barley involves an apoplastic discontinuity 
and that the plant is a 'two-domain' phloem loader. The first domain encompasses all the cells 
from the mesophyll to the vascular parenchyma and the second comprises the companion cell-
sieve tube complex. Plasmodesmatal connectivity between vascular parenchyma and companion 
cells suggests that there is a weakly-developed symplastic continuity across this interface to the 
thin-walled sieve tubes. 
 
 
 
 
 
 
 
 
 
Electrical potentials 
    The two-domain model becomes more enticing when the electrical potentials are examined. 
The average cell potential between mesophyll and vascular parenchyma (-52 mV) is less negative 
and only 42.4% of that measured within the phloem itself (-122.5 mV). In contrast, Farrar et al. 
(1992) measured -88 mV in barley mesophyll and mestome sheath cells (a maximum of -96 mV 
is reported by the authors). Unfortunately, other electrical potentials are not mentioned, and thus 
further comparison is not possible. Whereas it could be argued that the data for mesophyll cells as 
well as mestome sheath cells presented here (-48 mV) are low, the reason for the differences may 
simply be an age-related effect, as the plants used by Farrar et al. (1992) were between 10 and 
14 days old; (ours were 21 days old). In addition, we used either second or third leaves, while 
Farrar et al. (1992) used the first leaf. 
    Mesophyll cells of grasses generally have lower potentials (personal observation) than do those 
of dicotyledonous plants, where resting potentials of -150 to -165 mV are not uncommon (see van 
Bel et al. 1996). M'Batchi et al. (1986) reported transmembrane potentials of about -150 mV for 
broad bean leaf tissue and -110 mV for sugar beet parenchyma. Farrar et al. (1992) reported 
a maximum potential of -96 mV for what the authors term mestome sheath cells. Nonetheless, a 
degree of caution is needed when comparing data from monocotyledonous and dicotyledonous 
plants. 
 
 
Cell-cell transport 
    The reliance upon plasmodesmatal frequency data alone as a determinant of cell-cell transport 
(see Botha and van Bel 1992, van Bel and Oparka 1995, Evert et al. 1996) or independent 
microinjection and microiontophoretic studies (see van Bel et al. 1996 and literature cited 
therein) should be treated with caution when interpreting results. We believe this to be the first 
time that plasmodesmatal frequency has been coupled with microinjection and 
microiontophoretic studies, in that plasmodesmatal frequency may be compared with actual dye 
transport, within the same leaf. 
    Farrar et al. (1992) suggested that dye injected into the parenchymatous bundle sheath and 
mestome sheath was transferred to the sieve tubes of intermediate bundles symplastically. A 
cautionary note is necessary, however, as the lack of plasmodesmatal frequency information, 
and the acknowledged difficulties relating to the use of intact vascular bundles in dye-coupling 
studies, may make it difficult to identify all cell types within the bundles with a high degree of 
certainty. 
    Our plasmodesmatal frequency data clearly indicate there is a potential domain change at the 
vascular parenchyma-sieve tube interface. This suggestion is supported electrophysiologically 
and iontophoretically. Dye injections of vascular parenchyma cells resulted in little or no 
inward diffusion to the companion cell-sieve tube complex. Injecting the companion cell-sieve 
tube complex resulted in very little outward diffusion to recognisable vascular parenchyma. 
It is not possible to identify the deeper-seated Iucifer yellow-containing cell types within the 
intermediate and small leaf blade bundles in longitudinal sections with absolute certainty (see 
Figs 6-9) without scrutiny of appropriate electron micrographs. The injection studies indicate 
that lucifer yellow to a large degree remains associated with the injected cells, especially so 
where the injections are within cells where low plasmodesmatal frequencies are known to occur 
(i.e., the companion cell to sieve tubes; vascular parenchyma to companion cell to sieve tubes and 
vascular parenchyma to thick-walled sieve tube interfaces). 
    The low plasmodesmatal frequencies for all interfaces centripetal to the vascular parenchyma 
cells, suggest that symplastic continuity from mesophyll to sieve tube is not possible in barley. In 
addition, where the dye is injected into vascular parenchyma, it probably remains in the vascular 
parenchyma or moves centrifugally from the vascular parenchyma towards the mestome sheath. 
Centripetal diffusion from the vascular parenchyma towards the sieve tubes can be achieved via 
the vascular parenchyma to companion cell to thin-walled sieve tube route. 
    Our plasmodesmatal frequency data (for cv. Dyan) are in broad agreement and support those 
presented by Evert et al. (1996) who suggest that the sieve tubes of barley (cv. Morex) are totally, 
symplastically isolated from the vascular parenchyma cells. 
    With the possible exception of one instance recorded here (Fig. 10), direct injection of thin-
walled sieve tubes demonstrated no conclusive lateral transfer of lucifer yellow beyond what we 
interpret as the companion cell. 
 
Conclusion 
Plasmodesmata frequency data together with electrophysiological data as well as intercellular 
injection of lucifer yellow, suggests a two-domain phloem loading strategy in barley, confirming 
the near or complete isolation of the sieve tube-companion cell complex. We therefore conclude 
that barley parallels the apoplastic loading pathway as suggested by other authors for grasses (see 
Evert and Russin 1993, Evert et al. 1996 and literature cited). Phloem loading does not occur 
directly from the symplast in barley. 
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